Ultrasonic Thermometry Inside Tissues Based on High-resolution Detection of Spectral Shifts in Overtones of Scattering Signals  by Bazán, I. et al.
  Physics Procedia  63 ( 2015 )  158 – 162 
Available online at www.sciencedirect.com
1875-3892 © 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Ultrasonic Industry Association
doi: 10.1016/j.phpro.2015.03.026 
ScienceDirect
43rd Annual Symposium of the Ultrasonic Industry Association, UIA Symposium 2014 
Ultrasonic thermometry inside tissues based on high-resolution 
detection of spectral shifts in overtones of scattering signals 
 
I. Bazána, A. Ramosb, A. Ramíreza, L. Leijac 
 
aESIME - Zacatenco ( I.P.N. ). México DF, México 
bInst. Tecnologías Físicas y de la Información (CSIC). Madrid. Spain. 
 cDpt. Ingeniería  Eléctrica. CINVESTAV. México DF, México. 
 
Elsevier use only: Received date here; revised date here; accepted date here 
Abstract 
Some research results of cooperation works in biomedical engineering, established among current national projects of Mexico 
and Spain, are resumed. They are related to coordinated activities of three R & D groups, with the aim to achieve high-resolution 
ultrasonic thermometry into tissue phantoms with internal reflectors of a non-invasive way. 
Advanced spectral techniques are being used to extract thermal information in echo-signals acquired from biological 
phantoms with internal structures having a quasi-regular scattering distribution as, for instance, it happens in the liver tissues 
where a rather regular separation between scatterers has been reported. These techniques can indicate pathologies related to 
thermal increases due to the presence of disease. Small changes with temperature can be detected in the location of overtones of 
the fundamental resonance related to the separation of internal reflectors. But, this requires discarding the influence of the echoes 
noise on the thermal estimation results. A first evaluation of these spectral analysis techniques is performed, using echo-signals 
acquired from a phantom in the temperature range with medical interest, where the noise influence is shown for different levels 
of SNR in the echoes, using signals derived of a mathematical model for hepatic tissue echoes, where the average power, signal 
to noise ratio and inter-arrival time standard deviation, were taken into account. It seems that our high-resolution spectral option 
could be applied to detect some pathologies in tissues having regular scattering, but new advances must be performed with real 
tissues, in order to confirm the potential resolution of this approach. 
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1. Introduction 
In order to design new ultrasonic applications aimed to measure physical parameters in the inner parts of human 
tissues, in recent years, there has been an increasing interest to obtain thermal information for diagnosis 
applications. In general, this objective is performed by estimating the thermal influence on the ultrasonic echo-
signals. Among the distinct techniques proposed to attain that aim, some variants of spectral analysis procedures are 
been investigated to extract reliable information about those echoes. In these analyses, the information extraction is 
related to spatial aspects of internal acoustic scattering with a quasi-regular distribution into the tissue or phantom 
under analysis (as it happens, for instance, with the internal structure of the liver). 
The aim of these analytical options is to detect very light changes in the time location of the echo-traces received 
by the same emitting transducer, for distinct thermal levels. This type of detection could drastically depend of 
interferences like signal jitter, by the presence of added noise in the analyzed signals. 
But, by using advanced spectral methods related to some of the harmonics of the fundamental resonance associated 
to the scattering distribution in the internal parts of the analyzed tissue, the noise influence can be reduced in an 
important amount. 
Besides, the application of this spectral estimation of the time-delays induced in the acquired pulsed signals can 
improve the time resolution in the evaluation of echoes coming from human tissues. 
Prior to the mentioned spectral option, some types of digital processing images extracted from medical 
echography ultrasonic units were investigated to find a solution with sufficient accuracy. 
However, this alternative option has serious limitations due to the classical spatial echo-resolutions in ultrasonic 
imaging equipment that are mainly related to the detection of returning pulsed signals, associated to density changes 
in the inspected tissue encountered by the ultrasonic beam, during its propagation; under these conditions, the 
resulting spatial resolutions are usually worse than 500 microns, even with echo-graphic units working at relatively 
high frequencies (as 7 MHz). 
Ulterior studies, based on an added imaging processing by using segmentation algorithms (Groot et al., 2004; 
Zhang et al., 2009; Savic et al., 2011), obtaining spatial resolutions of the order of 300 microns, were conducted to 
other applications also related to medical diagnosis. Nevertheless, the thermal translations of these finally improved 
spatial (temporal) resolutions, after the mentioned additional segmentation processing, are not sufficient to obtain 
enough accuracy to be applied for ultrasonic thermometry with efficient medical application (where tenths of ºC 
must be appreciated). 
Therefore, several proposals were reported as a way to provide tools for tissue thermometry (Liu and Ebbini 
2010; Seip and Ebbini 1995; Maass-Moreno and Damianou 1996; Maass-Moreno et al., 1996; Seip et al., 1996). 
They employ a direct processing, in time or frequency domains, of the pulsed A-scan ultrasonic frames acquired 
from the medium being analyzed. Alternatively, to the procedure used for obtaining the typical ultrasonic images, 
that investigates in detail certain changes (according to temperature variations), suffered by other physical parameter 
in the echoes distinct to those related to distinct tissue densities. With regards to pathologic states, the use of this 
type of ultrasonic temperature estimation is a more sensible option, than the density evaluation. 
The advantage of this ultrasonic thermometric option, directly from the echo waveform, could be by using only 
one ultrasonic echo-graphic transceiver but adding to this simple topology a sophisticated signal processing to 
improve accuracy in the estimations in order to obtain resolutions ranging around a few tenths of ºC. This spectral 
solution would be applicable to achieve a non-invasive early diagnosis objective. 
Along this paper, some aspects of a research to improve the potential resolution of the above mentioned spectral 
techniques will be considered, using a tissue phantom constructed for the range of medical interest (30-45 °C) and 
also considering echo-signals generated by simulation and contaminated with different levels of noise. 
 
2. Set-up for laboratory experiments 
The technology implied in our experiments, for emission-reception of pulsed signals, is a mono-channel 
ultrasonic transceiver, schematized in Figure 1. This is formed by an ultrasonic transmitter containing a HV driving 
module (pulser) connected with several electrical networks for broadband matching-tuning and treatment of the 
receiving echoes, decoupling them from the high-voltage driving spikes (Ramos and San Emeterio 2008). 
The multi-pulse echoes have to be analyzed in detail to make an estimation of the internal thermal distribution. For 
this purpose, the detected waveforms must be digitally processed by using custom digital signal processing 
techniques proposed for this particular problem (Bazán et al., 2011, 2012a). 
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Figure 1. Broadband ultrasonic transceiver using acoustical and electrical impedance matching 
 
The ultrasonic echoes in these applications are of multi-pulse type, having a rather complex structure. Their 
interpretation to obtain thermal information becomes quite difficult in the time domain. In Figure 2, a typical 
ultrasonic trace from this type of multi-reflector materials is shown. This is the reason why it was necessary to make 
a sophisticated signal processing of the time-echoes, based on spectral estimation procedures. In fact, it has been 
shown that this option is an effective way to obtain hidden data inside noisy multi-pulse echoes related to internal 
tissue structures, for non-invasive thermometry and other diagnosis applications (Bazán et al., 2012a; 2012b). 
 
Figure 2. Typical echo response from tissues or phantoms having scattered internal structure 
 
Figure 3. Experimental disposition arranged for the pulse-echo interrogation 
 
The laboratory set-up needed for the experimental assessment of phantom or tissues, arranged around the 
transceiver of Figure 1, includes an ultrasonic transducer of 2.25 MHz immersed in a degassed-water thermostatic 
bath. The measurements are made at 24 mm from the phantom. Ultrasonic echoes were collected while the phantom 
was being heated from 30°C to 45°C. The temperature inside the phantom was monitored using an optical fiber 
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thermometer which thermal probes inserted in (and also outside) the phantom. The whole system is shown in Figure 
3. 
 
3. Selected Procedure and methods for echo-signals spectral processing 
There is a resonance frequency with their associated overtones, related to the periodicity of the echoes produced by 
a pulsed ultrasonic signal traveling through a scattered biomedical tissue. The change with temperature in the peak 
frequency of the kth harmonic (overtone) can be evaluated with the expression: 
ο ௞݂ሺܶሻ ൌ οܶ ቂ ௞ଶௗబ ሺߚܿ଴ െ ߙܿ଴ሻቃ                                                               (1) 
 
where: οܶ is the temperature change, ߚ is the coefficient of change in ultrasound speed, ߙ is the coefficient of 
thermal expansion, ݀଴ is the mean distance among scatterers at the initial reference temperature, and ܿ଴ is the speed 
of the ultrasound at this temperature. 
The spectral options used to calculate echo time delays are alternative solutions to classic operators 
(Periodogram and Cross-correlation). Here, autoregressive (AR) parametric procedures, based on the Yule-Walker 
and Burg methods, were used for power spectral estimation, achieving a potential high-resolution in frequency. 
a) Yule-Walker method 
It determines the power spectrum density (PSD) of the echoes using an estimate of the power spectrum: 
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where, ୮ሺሻ are AR parameters (Levinson-Durbin's), p is the model order and ɐ୵୮ଶ  is: 
 
σ୵୮ଶ ൌ Ê୮୤ ൌ ୶୶ሺͲሻς ሾͳ െ ȁâ୩ሺሻȁଶሿ୮୩ୀଵ                                           (3) 
 
b) Burg method 
It is a recursive method which minimizes the direct and inverse errors of linear predictors. The power spectrum can 
be estimated by applying the expression: 
 
௫ܲ௫
஻௨௥௚ሺ݂ሻ ൌ ܧ
෠௣
หͳ ൅ σ ොܽ௣ሺ݇ሻ݁ି௝ଶగ௙௞௣௞ୀଵ ห
ଶ (4) 
 
where ܧ෠௣ is an estimate of the driving noise variance. 
From experimental results, it was defined that the model orders having a minor error regarding to thermal 
measures are N/2 and N/3, respectively, for Burg's and Yule Walker's methods, where N is the number of echo 
samples. 
The processing is completed with a previous adaptation of the echo-traces (Bazán et al., 2012a). The Burg option 
gives a higher frequency resolution (related to a thermal definition of 0,12 ºC), and a better computational 
efficiency. 
 
4. Some estimated results with induced noise 
Some responses using our spectral ultrasonic detection procedure in noisy conditions were estimated for distinct 
overtones in order to quantify the noise influence on the peak frequency determination. Several PSD distributions 
were calculated for simulated echoes with distinct levels of corrupting noise added to the basic received signals, 
selecting a difficult high frequency range. 
Signal to noise ratios (SNR) ranging from 40 dB to 3 dB were induced to echo-traces of a transducer of 30 MHz 
in nominal frequency, with the results shown in the Table I for the influences of distinct noise levels on the 
estimated peak frequencies associated to the resonant overtones number 4 and 5. 
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These simulated results show that for SNR higher than 3 dB, the noise influence in the frequency estimation 
results for high overtones are near to 0.1 %, which could be neglected in thermal analysis applications. 
 
Table I: Estimated responses for several SNR induced levels 
 Without Noise SNR = 3 dB SNR = 6 dB SNR = 20 dB SNR = 40 dB 
Frequency MHz MHz MHz MHz MHz 
Overtone 4 30.868 30.877 30.874 30.904 30.882 
Overtone 5 39.355 39.410 39.336 39.459 39.424 
 
5. Conclusions 
     Accurate ultrasonic pulsed measurements, by applying high-resolution spectral techniques, could be applied for 
detection of pathological alterations indicating important diseases in some types of tissues with regular internal 
scattering. An autoregressive parametric procedure can estimate shifts in the power spectrum density of ultrasonic 
echoes, affecting to several resonant overtones. Its results are clearly better than those obtainable with time-domain 
or spectral non-parametric techniques. An ulterior improvement could be obtained by selecting a finer frequency 
step. New efforts must be made with echoes, acquired from real tissues, to confirm the potential resolution of this 
approach, and quantify some influences of algorithm internal parameters and the overtone number chosen.  
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